Abstract-We introduce ultra-wideband synthetic aperture radar (SAR) interferometry as a new technique for topographic height retrieval. It is based on using a SAR system with large relative bandwidth that acquires data along two parallel tracks with a separation of the same order of magnitude as the flight altitude. The complex SAR image data are resampled onto a common reference surface, filtered, and followed by a Hermitian multiplication. The resulting interferogram is shown to have a finite depth-of-focus (DOF) in terms of phase coherence. The achieved height precision is controlled by the ambiguity height, which is shown to scale to the DOF as the relative bandwidth. This means that only one fringe is within the DOF as the resolution approaches the fundamental wavelength limit; i.e., the phase is unambiguously related to topographic height. The topography may thus be determined by changing the reference surface and retrieving the height at each step. The technique is successfully demonstrated to generate fringes based on VHF-band data acquired by the CARABAS airborne SAR system. Temporal decorrelation is not a problem due to the long wavelengths nor is the effect of tropospheric delay on the retrieved height.
I. INTRODUCTION
A CROSS-TRACK synthetic-aperture radar (SAR) interferometry is a technique used for topographic measurements [1] - [7] . It is based on using two complex SAR images of a stable scene that have been acquired with slightly different imaging geometries. The change in viewing angle must be small so that the image speckle patterns are correlated. After registration of the images, an interferogram is generated by multiplying one image with the complex conjugate of the other image (Hermitian product). The interferogram phase is proportional to the slant range difference from the two observation points to a surface patch on the ground. A threedimensional (3-D) model of the surface can now, in principle, be determined from the slant range difference together with the ordinary two SAR coordinates, i.e., slant range and azimuth. The interferometric technique for topographic measurements has successfully been demonstrated using both airborne and spaceborne SAR systems [6] , [8] . Two basic configurations may be used, either multiple antennas and a single overpass or one antenna and multiple near-repeat passes. It is advantageous to use the single overpass configuration since it relaxes the need for a stable scene and simplifies the signal processing. However, this configuration has so far only been implemented on airborne platforms.
In the past, interferometric techniques have been based on using narrowband SAR data, i.e., imagery distorted by speckle. We call this technique speckle interferometry. Speckle interferometry has several shortcomings. The height measurement is ambiguous since the phase can only be measured modulo 2 . This calls for sophisticated phase-unwrapping techniques and a number of algorithms for this purpose have been developed [9] - [11] . However, the algorithms frequently encounter problems due to poor phase coherence [signal-tonoise ratio (SNR)], phase aliasing (surface slope), and phase discontinuities (layover). In fact, they often require manual editing to be successful. A method to partly resolve the phaseambiguity problem has been described in [12] . The available signal bandwidth is divided into two adjacent subbands, and the absolute phase is determined from the subband phase difference. The main drawback of this technique is increased noise sensitivity, which requires large areas to be averaged to get a reliable phase estimate. The latter is, however, in direct conflict with the basic assumption that the phase within the averaging areas is confined to a 2 interval. There are some special interferometric applications that do not require phase unwrapping, e.g., retrieval of slope corrections for SAR radiometric calibration [13] , coherence mapping [7] , [14] , and differential interferometry for small motion measurements when a coarse topographic height model is available [15] . A second shortcoming with speckle interferometry is that the presence of speckle in the images fundamentally limits height precision. The speckle becomes less correlated as the viewing angle changes and is uncorrelated when the differential phase exceeds 2 across the resolution cell projected perpendicular to the line-of-sight. This fact implies a maximum baseline-todistance ratio that ensures correlated speckle but limits height precision.
The shortcomings of speckle interferometry may be circumvented by using an ultra-wideband (wide bandwidth and wide beamwidth) SAR system, as described in this paper. In wideband SAR images, the spatial resolution is close to the fundamental limit, i.e., of wavelength order. This means that surface speckle is reduced although volumetric and multiple scattering speckle remain. Objects are resolved on the wavelength scale so that their absolute phase, and thus the phase difference, can be measured without ambiguity. Due to the reduced speckle noise, large baseline-to-distance ratios are possible and only limited by the slowly varying scattering properties and temporal instabilities. Thus, the height resolution can be made to approach the fundamental wavelength limit.
With wideband SAR systems, it is also possible to use stereoscopic techniques, i.e., to measure the slant ranges for a 0196-2892/98$10.00 © 1998 IEEE Fig. 1 . Interferometric measurement of slant range difference using quasimonochromatic waves.
common object in the two images and thereby establishing its position. The main problem is that of identifying common objects in the two images. In fact, both stereoscopy and interferometry are possible with the same wideband SAR data set and they achieve comparable performance, as we show. The main difference is that stereoscopy is based on two amplitude images, whereas interferometry requires two complex images.
The paper starts by presenting the fundamental theory for ultra-wideband SAR interferometry in Section II. Basic system parameters, such as depth-of-focus (DOF) and ambiguity height, are derived from the two-dimensional (2-D) system transfer function. The wavenumber-shift filtering technique for coherence improvement [16] is analyzed, and the ultimate height resolution for ultra-wideband interferometry and stereoscopy is derived and compared. Section III describes the CARABAS-I SAR system and the techniques used for signal processing. The first ultra-wideband interferometric result from a test area close to Portage Lake, ME, is then presented.
II. THEORY

A. Measurement Principle
Let us start by considering a simple measurement, as shown in Fig. 1 . Our objective is to measure the slant range difference between two observation points and , respectively, and a single-point reflector using wave interference. The propagating electromagnetic waves are assumed to have a constant phase velocity and be perfectly coherent (synchronized).
We first consider a monochromatic wave that is transmitted and received at each of the observation points and reflected by the point reflector. The received signals are given by (1) where or , is the time delay converted to slant range, is the slant range (distance) between the observation point and the point reflector, is the amplitude, and is the frequency. Taking the Hermitian product of and gives the interference term according to (2) By extracting the phase factor, we thus obtain a measurement of the slant range difference to (sub)wavelength accuracy. Note, however, that the measurement is ambiguous when the distance between and is larger than half a wavelength since the phase can only be measured modulo 2 .
We next consider a narrow wave packet (pulse) with amplitude modulation , center frequency . This is a useful model for SAR interferometry since a SAR provides high resolution in slant range by a short pulse after signal processing. The corresponding signals are given by (3) As the slant range difference increases and exceeds the extent of the pulse, the data need to be shifted and resampled in order to overlap. If we have more than one object in the image, however, the match will, in general, only be perfect at a single reference point. We therefore resample the data to a common reference surface on which the objects are expected to be located. A point on the surface is represented by vector , as indicated in Fig The phase factor contains two terms within square brackets. The first term contains the geometrical information of interest, i.e., the slant range difference, whereas the second term is determined by the assumed reference surface and is known. After compensation for the latter, the resulting phase is thus a measure of the slant range difference according to (5) where is the number of 2 -intervals that were subtracted by the modulo operation in (4) . Another interpretation of (4) and (5) is that the phase is determined by the total slant range mismatch on the reference surface. Neglecting the phase ambiguity for the moment, we thus conclude that the phase is zero only if the reflector is located on the reference surface, otherwise it is nonzero. To be strict, the intersection of the two constant slant range circles gives rise to two mirrored solutions and a zero phase is produced when the reference surface coincides with either of the two locations.
It is often more convenient to work with the demodulated (baseband) signals, which we denote by a tilde. These are given by (6) which gives the following interferogram:
The resulting phase is thus converted to slant range difference according to (8) It is useful to perform a phase compensation to remove the deterministic phase variation due to a reference surface and thus obtain fringes that resemble height contours. The phase then becomes identical to the phase in (4), i.e., based on resampling of the modulated signal. The required phase compensation can thus be interpreted as a consequence of working with the demodulated signal. Note that (6)- (8) was based on demodulating the signal to baseband, i.e., shifting the spectrum of the analytic signal by the center frequency. When this is not the case, the phase compensation involves the demodulation frequency shift rather than the center frequency.
The approach above is based on modeling the scene with a small number of point targets. This is illustrative but not satisfactory. In practice, we need to develop a statistical target model of the scene from which the characteristics of the interferogram can be determined. For the narrowband case, a model readily exists and is based on zero-mean circular Gaussian white noise processes [3] , [7] , [17] . This model is likely to break down as the system bandwidth and beamwidth increases. In the wideband limit, we need a more refined statistical model, but the development of such a model is outside the scope of the present paper. Instead, we consider a general Fourier decomposition of the scene reflectivity and its effect on the interferometric measurement.
B. Spatial Wavenumber Filtering
The SAR image geometry is depicted in Fig. 3 . High slant range resolution is obtained by transmitting a wide bandwidth signal, and high azimuth resolution is achieved by inverse processing of the varying slant range as the antenna moves along the flight track.
The 2-D impulse response of a narrowband SAR system can be split into the product of two one-dimensional (1-D) impulse response functions, i.e., one in slant range and one in azimuth. This is not true for the wideband case, and a 2-D representation of the impulse response is necessary. The system transfer function in spatial wavenumber domain is shown in Fig. 4 , where is the azimuth wavenumber and is the slant range wavenumber. The minimum area resolution follows from the reciprocal of the transfer function support according to [18] ( 9) where the SAR is assumed to use transmitted frequencies between and and an antenna beamwidth . The wavelength corresponding to the center frequency is denoted by and the bandwidth by . We assume in the following that the frequency response of the ground reflectivity is relatively uniform over the support of the transfer function, which is a reasonable assumption over a few octaves of bandwidth. The system response to spectral components of the ground reflectivity can thus be obtained by transforming the system transfer function from the slant range plane to the ground plane or vice versa. Assuming a nominally flat ground with normal perpendicular to the flight track, the transformation is given by , where is the incidence angle. The resulting transfer function is illustrated for an interferometric pair with different incidence angles in Fig. 5 . The overlapping area is common to both transfer functions and thus contributes to phase coherence, whereas adjacent areas may produce phase noise. Filtering of the data to retain the overlapping area is called wavenumbershift filtering [16] .
The original formulation of the wavenumber-shift technique only considered filtering of slant range wavenumbers. Filtering of azimuth wavenumbers is also required when the aspect angle of the antenna illumination differs [19] . In the case of ultra-wideband SAR, an extension to 2-D wavenumber filtering is required due to the nonseparable transfer function. This is also true when the aspect angles are equal. In principle, wavenumber-shift filtering can recover the loss of coherence due to the spatial baseline. This is only true for scatterers located on a known plane with normal perpendicular to the flight track, otherwise there is a coherence loss due to volumescattering effects. Nevertheless, coherence is completely lost above a critical baseline when the two wavenumber spectra do not overlap anymore. In the ultra-wideband limit, however, coherence is never lost since there is always spectral overlap, although a reduction of resolution and height sensitivity is unavoidable.
Two basically different situations arise in terms of wavenumber filtering. The first is when the spectra overlap on the -axis (zero Doppler frequency), as shown in Fig. 5 . This corresponds to being below the critical baseline for a narrowband SAR. For an ultra-wideband system, the following condition is thus required (assuming ):
Expansion of (10) for results in the equation for the critical baseline in agreement with Gatelli et al. [16] .
The second situation is when there is no overlap on the -axis. However, overlap still occurs above a critical beamwidth, as illustrated in Fig. 6 . The necessary condition for the latter is given by (11) The 2-D wavenumber filtering changes the impulse responses (transfer functions) so that they become equal on the reference surface. This means that different parts of the original signal spectra are used and the corresponding center frequencies and bandwidths are changed. New center frequencies and bandwidths are thus produced by the filtering according to (12) where and is the center wavenumber and bandwidth, respectively.
The concept of a center frequency strictly requires that the 2-D system transfer function has two orthogonal symmetry axes. This is true for the typical rectangular shape for to a narrowband SAR system. However, it is not true for the transfer functions shown in Figs. 4-6. Nevertheless, the concept of a center frequency is still useful for these systems since the shape of the transfer function only slightly deviates from the symmetry requirement for a typical interferometric configuration. The center frequency can, for example, be uniquely defined as the phase derivative at the impulse response peak. In a more rigorous treatment, it is possible to determine the phase function as a function of position within the impulse response extent and use it instead of the center frequency. The latter thus corresponds to a first-order expansion of the phase function within the impulse response function.
C. DOF and Ambiguity Height
All objects that are situated on the reference surface will match perfectly after the resampling transformation and will produce a zero phase. Any deviation from the reference plane, on the other hand, will give a mismatch, as illustrated in Fig. 7 . However, the two images are still correlated as long as the mismatch is less than about a resolution cell. We call the corresponding height interval the DOF, and it can be determined from the geometry in Fig. 7 according to (13) where 2 is the ground range resolution. Fringes will thus appear within the DOF from the reference plane.
As the object moves away from the reference plane, the interferogram response is dispersed and shifted in ground range, as seen in Fig. 7 . In addition, the interferogram phase changes from zero for a perfect match and is proportional to the mismatch according to (4) . The height interval that corresponds to a phase change of 2 rad is called the ambiguity height and can be expressed according to (14) The DOF can thus be expressed in terms of the ambiguity height according to (15) Equation (15) tells us that the DOF is proportional to the ambiguity height and inversely proportional to the relative bandwidth (range resolution expressed in quarter wavelengths). For the ultimate slant range resolution, i.e., when the resolution is a quarter of the center wavelength, we thus only obtain one fringe and the measurement becomes unambiguous.
Equation (14) expresses the scaling between height and phase and can thus also be used to determine the height measurement precision. For a given rms phase noise , we thus obtain the rms height noise according to (16) This equation shows the importance of keeping small, i.e., either to use a high center frequency or to use a wide separation of incidence angle according to (14) .
D. Relation to Stereo SAR
The 3-D position of an object can also be retrieved using stereo-SAR techniques [20] . Knowledge of the two ranges and in Fig. 8 together with the baseline components and enables the height to be determined from the following equations: (17) Elimination of in (17) results in a second-order equation, from which may be determined. An error analysis gives the height error and the across-track error according to (18) where and are the line-of-sight errors for the corresponding flight tracks. From (18), we conclude that the errors are controlled by the common denominator. The required range accuracy for a given precision or is thus proportional to . We conclude that the position can be determined with an accuracy of the same order as the slant range resolution, i.e., similar to the interferometric height measurement. However, the stereo-SAR technique requires that the incidence angles and the incidence angle difference are of the same order of magnitude. Finer resolution may be determined by interpolation of the point target response, but interfering clutter and noise will ultimately set a lower resolution limit.
An alternative use of (17) and (18) is for calibration and verification of the image geometry using reference point targets. The number of point targets required depends on the number of unknowns. In Section III, this technique was used to calibrate the near slant range of the two images separately.
III. CARABAS MEASUREMENTS
A. CARABAS System
The CARABAS radar system is an ultra-wideband and widebeam SAR that operates in the upper HF and lower VHF range (20-90 MHz). The system is briefly described here, and a more detailed account can be found in [21] and [22] .
The radar system transmits a stepped-frequency chirp waveform to cover the wide bandwidth, while at the same time keeping the instantaneous bandwidth small. The latter means that the received signal can be digitized with a high dynamic range, which is necessary since severe radio-frequency interference (RFI) is often encountered.
A critical component of the system is the antenna, which needs to have a ultra-wide bandwidth (more than two octaves). The original CARABAS-I antennas, used during the 1992-1994 trials, consisted of two wideband dipoles configured in two 5.5-m long cylindrical sacks that dragged behind the aircraft. The design turned out to be problematic, both from an aerodynamical and an electrical point of view, and the new CARABAS-II system uses a new design with two antenna tubes in front of the aircraft [22] . A number of antenna sacks had to be used during field operations since they degraded rather quickly. The sacks also showed individual electrical characteristics and with a difference between left and right antenna. These facts suggested that only data taken with the same antenna pair and to the same side of the aircraft could be used for interferometric experiments.
Processing of the CARABAS-I SAR data may be performed using the full 70-MHz bandwidth to demonstrate high-resolution images, but it results in rather poor overall image quality. Therefore, only about 20 MHz centered at 40 MHz is used for the interferometric experiments in this paper. This processed SAR data has a resolution of about 8 8 m .
Motion compensation of the radar data is performed using differential Global Positioning System (GPS) data, as described in Section III-C. Two dual-frequency carrier-phase GPS receivers, one in the aircraft and one on the ground, are used to collect navigational data.
VHF-band SAR data are ideal for demonstrating ultrawideband SAR interferometry since large relative bandwidths are relatively easy to achieve. Furthermore, temporal decorrelation of the scene between tracks is not a problem due to the long wavelengths, nor is the effect of troposphere on the delay time.
B. SAR Processing
Processing of the recorded CARABAS radar data is rather different from narrowband SAR data and is therefore described in some detail. The first step is to process the carrier-phase differential GPS (CDGPS) data. This includes postprocessing of data acquired at the rover station, which moves with the aircraft, and at the base station, which is located on a fixed position on ground. Matching radar data are then extracted based on a time tag at the start of the data collection and the number of pulse repetition intervals. The second step is matched filtering and then removal of RFI based on frequency analysis and filtering. The third step is motion compensation that is carried out for each processed frequency step. The fourth step is to reconstruct a high-resolution pulse by adding the spectra from all frequency steps. After these steps have been performed, the output is range-compressed data, in which each point target corresponds to a hyperbola produced by range migration along the synthetic aperture. The last processing step is azimuth compression, which is performed using Fourier-Hankel inversion [21] . The method starts with an Abel transform in slant range and proceeds with a 2-D Fourier transform. The Abel transform followed by a Fourier transform in slant range is equivalent to the Hankel transform. A coordinate transformation (Stolt interpolation [23] ) is performed in Fourier domain, followed by a ramp filter and 2-D inverse Fourier transformation. This completes the SAR processing and results in a focused complex SAR image.
C. Motion Compensation
Motion compensation of the radar data is necessary before azimuth compression can be performed with the Fourier-Hankel inversion method. The CDGPS data are available at a sampling rate of 1 Hz and have dm-level positional accuracy after postprocessing. Aircraft positions required for motion compensation in between are obtained by interpolation. The synthetic aperture is divided into several subapertures, in which Doppler frequency derived from the radar data together with height information is used to derive directional information. The height information is normally approximated as the average flight height above ground but may also incorporate a coarse topographic model if available. When data corresponding to a particular range and direction have been extracted, adjustment in radar range can be applied to compensate for the displacement from the straight flight track. The latter is chosen to be as close as possible to the actual flight track to ensure small corrections. For the interferometry experiments in this paper, however, the two straight tracks are chosen to be exactly parallel and with the same sampling distance so that no additional resampling of the images is necessary in the along-track direction.
The objective of motion compensation is to correct the radar data for the range error, as illustrated in Fig. 9, i. e., to resample the range data as if it had been collected along an ideal straight track. The range error is the difference in distance between the target and actual aircraft position and the target and aircraft position along the ideal straight track, i.e., (19) where is the offset vector between the straight track equidistantly sampled in the flight direction and the actual track position.
The range error correction operates on subaperture data and compensates for an average range rate (Doppler frequency) and range error. The measured Doppler frequency is obtained by Fourier transformation of the data from the subaperture, which corresponds to a Doppler cone centered on the actual flight track. In this manner, data from each subaperture are split into a number of cones with angular resolution defined by the segment length. This Doppler frequency is relative the actual flight track, which deviates from the straight track by the angles and , shown in Fig. 9 . The Doppler frequencies must therefore be corrected based on the difference in Doppler cone angle between the actual and straight tracks, respectively. The correction is approximated by a constant Doppler frequency shift according to (20) where is the cone angle difference for zero Doppler frequency (shown in Fig. 10 ) and is the platform velocity. For small angles and , the cone angle difference can be approximated by (21) where is the depression angle defined in Fig. 9 . It is determined using range and height according to (22) The linearized Doppler frequency correction is accurate close to zero Doppler, but it degrades as the Doppler frequency increases. It has the advantage, to be simple, to apply in the time domain by multiplication with a constant frequency signal. For the imagery presented in this paper, however, the error introduced is small since the processed beamwidth is only about 15 .
The correction for the average range error over the subaperture is determined from the average offset vector together with the target range and Doppler frequency. The radar data is thus resampled in range and then returned to time domain. The average range error is determined from (19) and an equation for according to (23) The aspect angle is determined from the corrected Doppler frequency according to (24) In summary, the motion compensation attempts to correct for motions corresponding to a piecewise linear flight track relative to an ideal straight track. Residual flight track variations around the linear segments will thus introduce errors. The segment length is typically 150 m, which approximately matches the CDGPS output rate, and no improvement is therefore expected by using a smaller length. Additional errors are introduced due to the linearized Doppler frequency correction and the uncompensated Doppler shift corresponding to the average range error, but these are considered small for the imagery presented in this paper.
D. Results from Portage Lake
The data used for the interferometric experiments were acquired close to Portage Lake in September 1993. This area was selected since it has a modest topography and is mostly covered by forest, which provides a strong scatterer close to the surface. In addition, CDGPS data had been acquired for motion compensation and flight tracks with a suitable configuration were available. The topographic height in the imaged area varies in the range 200-300 m above sea level.
A pair of images were processed using transmitted frequencies 31.25-50.0 MHz to a resolution of about 8 8 m. The two images are shown in amplitude representation in Fig. 11 . Motion compensation was performed assuming two parallel tracks with a separation of 1273 m in horizontal and 97 m in vertical. This arrangement resulted in the geometry shown in Fig. 12 . The difference in incidence angle is quite large and (a) (b) Fig. 11 . Two original SAR images that the interferograms in Fig. 13 are generated from. varies between 3 at far range to 17 at near range of the images. Two interferograms are shown in Fig. 13 to illustrate the effect of the finite DOF. The interferograms have been generated by resampling the two images to a common reference ground level, filtered, and then followed by a Hermitian multiplication. The two interferograms are based on two different reference ground levels with a vertical separation of 50 m. About four fringes centered around the reference level are visible in each interferogram. Some areas have fringes in both interferograms, whereas some do not. Spatial wavenumber filtering, according to Section II-B, has been applied to the data. The transmitted frequencies in the two images always overlap for zero Doppler frequency, but the amount of overlap varies across the swath due to the large span in incidence angle difference. The largest overlap is obtained at far range, where the incidence angle (a) (b) Fig. 13 . Two interferograms generated from the complex SAR data. The complex data are resampled to a common horizontal surface, filtered, and followed by a Hermitian multiplication. The difference in reference level is 50 m between the two interferograms. Note that different areas are within the depth of focus in the two images.
difference is the smallest. The resulting DOF and ambiguity height according to (13) and (14) are shown in Fig. 14 . The ratio of DOF and ambiguity height is about nine at near range, but decreases quickly to slightly more than four at far range. The latter is consistent with the number of visible fringes.
We note that the fringes do not in general correspond to a height contour since the ambiguity height varies across the swath. Only the center fringe is in fact an isoheight line. Furthermore, only the center fringe gives the true ground range position since the other fringes are slightly displaced due to the mismatch after ground range transformation. From these data, it is possible to retrieve the topographic height by stepping through a number of reference levels and extracting the topography for areas within the DOF. The zero-phase contour corresponds to a height contour that can be extracted directly. For other phase values, the ambiguity height, according to (14) , is used to covert the phase into a height. A ground range shift is also necessary to position the measurement correctly, which can be determined from the ambiguity range given by (25) Coherence maps of the interferograms show a maximum average coherence of about 0.7 in forest-covered areas that are in focus. Areas out of focus have a lower coherence, as expected. Open areas in and between the forested areas also have a low coherence, indicating that these areas are noise dominated. The CARABAS-I system thus seems capable of providing coherence values of about 0.7. Contributions to the decorrelation includes effects due to system noise (additive and multiplicative), misregistration, and scattering effects. From the present data set, however, it is not possible to quantify the relative contributions of these effects.
Space-variant misregistration due to geometrical distortions caused by motion compensation has been found to be a significant contribution to decorrelation. In particular, this is the case when the two ideal flight tracks are forced to be parallel to simplify interferometric processing. Motion compensation inherently introduces geometrical errors unless the actual flight track coincides with the ideal or the ground topography is known. None of the latter conditions are normally valid, and typically, a constant topographic height is assumed for motion compensation. The azimuth error measured between the SAR images in Fig. 11 were typically less than 4 m, corresponding to flight track deviations of about 100 m.
Consider a hypothetical case with two straight flight tracks lying in the horizontal plane but nonparallel. SAR images may thus be focused into the slant range plane without any motion compensation. Suppose that both images are then transformed to ground range using a constant topographic height and then rotated to line up the flight tracks. All targets lying on the assumed height will now match, whereas other targets will have a misregistration proportional to the height deviation, as illustrated in Fig. 15 . The misregistration error is given by
The same effect will in fact also be present if the SAR data are motion compensated to two parallel tracks. Clearly, this has implications for the general case when the flight tracks are not straight lines nor parallel. In this case, we expect azimuth registration errors that are correlated with the deviation of the actual track from the assumed straight track. When large deviations are experienced, it is thus necessary to include more detailed topographic information during motion compensation. This may be achieved by iterative SAR and interferometric processing or from a coarse digital elevation model.
IV. CONCLUSION
Ultra-wideband SAR interferometry has been introduced in this paper as a powerful technique for topographic measurements. The major advantage compared to speckle (narrowband) interferometry is that it can provide an unambiguous measurement of topographic height with the same height precision. There is therefore no need for special ground reference targets, as is the case for speckle interferometry. Ultra-wideband SAR interferometry thus has a potential for automated and rapid wide-area topographic mapping.
The retrieval of topographic information from ultrawideband SAR data requires generating a number of interferograms, each corresponding to a finite height range of the ground. The SAR complex image data from the two offset tracks are resampled to a common reference ground surface followed by a Hermitian multiplication. Ground scattering objects that are located close to the reference surface will thus appear coherent in the interferogram phase image. Objects that are located away from the reference surface, however, will not contribute to coherence but appear as noise. The small DOF is a result of using a large fractional bandwidth, i.e., a range resolution approaching the fundamental wavelength limit, together with a large difference in incidence angle between the two offset tracks. Spatial wavenumber filtering, which matches the ground-projected frequencies of the two images, is also used to improve interferogram coherence.
The technique has successfully been demonstrated to data acquired by the VHF-band CARABAS SAR, based on processing frequencies in the range 31-50 MHz. The fractional bandwidth is about 0.5; i.e., the range resolution is about four times coarser than the wavelength limit or, approximately, equal to the center frequency. The limited DOF is observed in the interferograms, and the number of visible fringes agree with theory. Retrieval of topographic height can be performed from the interferograms, but it is outside the scope of the present paper. The maximum average coherence in the interferograms is about 0.7, which is achieved for forested areas in focus. Open areas in and between the forested areas have a low coherence, indicating that they are dominated by noise. The latter could be avoided by increasing the SNR of the system and/or by using higher frequencies.
Geometrical distortion caused by motion compensation has been identified to be a potentially significant cause of decorrelation between images. Motion compensation inherently introduces errors unless the flight track is straight or the ground topography is known and correctly accounted for. Whenever this problem occurs, it may be circumvented by iterative SAR and interferometric processing or by using a coarse digital elevation model during motion compensation.
